ABSTRACT Two hydrated carbonyl myoglobin (MbCO) films, one containing (0.30 g water)/(g MbCO) from 
INTRODUCTION
In solutions of carbonyl-myoglobin (MbCO) at ambient temperature, the presence of four bands in the CO stretching band region indicates four discrete conformers, or conformational substates, which interconvert rapidly on the "3C-NMR time scale (Caughey et al., 1981) . FTIR spectro- scopic studies of the CO stretching band region have shown that on cooling of MbCO dissolved in glass-forming solvents, marked decrease in the rate of interconversion of the conformers close to the onset temperature of the glass--liquid transition (or Td) of the solvents occurs which is for 75% (v/v) glycerol/water at -180 K These are seen in plots of log(conformer band area ratio) vs. l/T in form of abrupt changes of slope close to the Tg of the solvent (Ansari et al., 1987; Hong et al., 1990) . This dependence of conformer transition on solvent characteristics has been explained as "slaved glass transition" (Ansari et al., 1987; Iben et al., 1989; Young et al., 1991) , but has recently been attributed to the enormous viscosity of the solvent at Tg (Ansari et al., 1992) .
For hydrated films or aqueous solutions, however, a similar FTIR spectroscopic study extended to cryogenic temperatures has to my knowledge not been reported. (The report by Ansari et al. (1987) of a glass transition at -260 K in freeze-concentrated aqueous solution of MbCO was subse-to the sodium phosphate buffer artifact (AsM and Mayer, 1991) ). Studies of protein crystals and of hydrated powders or films as a function of temperature by various techniques have further led to the concept of a so-called glass transition of a protein at -180-200 K (Morozov and Gevorkian, 1985; Frauenfelder and Gratton, 1986; Parak, 1986; Doster et al., 1986 Doster et al., , 1989 Doster et al., , 1990 Doster et al., , 1991 Doster et al., , 1993 Goldanskii and Krupyanskii, 1989; Rupley and Careri, 1991; Srajer et al., 1991; Champion, 1992; Pethig, 1992; Pissis et al., 1992) whose temperature range is similar to that observed for MbCO in glassforming solvents. So, at first sight it appears that hydrated powders and glass-forming solutions of proteins behave in a similar way with respect to their dynamics.
However, influence of the solvent's viscosity on the dynamics of the protein has been reported (Beece et al., 1980; Steinbach et al., 1991; Ansari et al., 1992; Settles et al., 1992) , and recently Doster et al. (1993) have compared MbCO's ligand kinetics in hydrated films and concentrated glycerol/water solution and attnbuted differences in ligand escape rates to strong correlation between ligand transfer at the protein-solvent interface and structural relaxation of the solvent.
In this FTIR spectroscopic study of the CO stretching band region of two hydrated MbCO films, with 0.30 and 0.32 g water/g MbCO, I report half-bandwidths (HBWs), peak maxima, and relative band areas of the three conformer bands at 1966 cm-' (conformer AO), 1945 cm-' (A1), and -1934 cm-' (A3) for the temperature range 293 K to 78 KI Their temperature dependencies are then compared with those reported for MbCO in 75% glycerol/water solution (Ansari et al., 1987) . It is shown that, where comparison is possible, above -180 K the general trend with temperature is similar but that in hydrated MbCO This FTIIR spectroscopic study is in accord with the recent study of Sartor et al. (1994a) However, by using in this study the CO stretching band region as a spectral probe, it is possible to go beyond the conclusions of the previous calorimetric study (Sartor et al., 1994a) , and to follow the dynamics of the three A conformer substates as a function of temperature. I then discuss the results obtained for hydrated MbCO (Rothgeb and Gurd, 1978 (Poole and Fmney, 1986 Water vapor was subtracted from the spectra, and the sloping background originating mainly from water's combination band was subacted by using the multipoint spline flmction rouine provided by BioRad. The spectra were thereafter transfered to a PC and curve-fitted by using SpectraCalc's software. The band parameters obtaned from the curve fits did not depend on
RESULTS
Two hydrated MbCO films were studied, one where MbCO dissolved in pure water was used as stock solution and the pH was 5.5, and the other where MbCO was dissolved in 0.1 M potassium phosphate buffer solution and the pH was 6.8. The solutions were dehydrated on CaF2 plates over saturated ammonium nitrate solution to an extent that on slow cooling to 78 K no crystalline ice was formed. The water content was determined thereafter from percent relative area of the band at -1966 cm-' (conformer AO) at 293 K according to Fig. 4 of Brown et al. (1983) where the relative area of this conformer is given as a function of water content of the protein. This evaluation gave a value of (0.30 g water)/(g MbCO) for the buffer-free sample and (0.32 g water)/(g MbCO) for the buffer-containing sample, which is within the range expected for unfreezable water (Rupley and Careri, 1991) . According to the error bar in Fig. 4 of Brown et al. (1983) , such an evaluation contains an appreciable uncertainty. However, the absence of formation of ice on cooling to 78 K in both samples further confirms that the water content must be below -'(0.4 g water)/(g MbCO).
In the following I show first the results for the buffer-free hydrated MbCO film and then the results for the buffercontaining film. The data points of the first scatter considerably more than those of the second, but the general features of the various parameters as a function of temperature are similar for the two samples. Fig. 1 Fig. 9 the log(area ratios) of AJA1 and A3/AO are plotted versus 103iT.
For both hydrated MbCO films, the total integrated area, i.e., the sum of the three band areas, seems to be constant from 293 Kto 78 K However, the data points scatter strongly and small changes in total band area would not be noticed.
The time dependence of the band parameters of the bufferfree hydrated MbCO film was also investigated. lsothermal annaling at 190 and 170 K for 260 and 220 mm, respectively, after cooling from 293 K at an average rate of 4 K Vandeginste and De Galan (1975) have po posed objective criteria for the resolvability of overlapping of infared absorption bands which are based on separation between peak maxima of the bands (reviewed by Maddams, 1980 Fig. 3 for detacis.
proximation (see Table V in Vandeginste and DeGalan, 1975) . According to Gans and Gill (1980) Small iffences in the two sets of data are apparent, and in particular for the buffer-containing film, data points obtained on cooling and on heating overlap more closely than those of the buffer-free film. These small differences might be due to the presence of buffer in one sample or to changes in pH on cooling of the buffer-free film, but it should be noted that the meaning of pH at low temperatures, and in particular in a hydrated film, is ambiguous (Taylor, 1981 Fig. 10 . Minor spectral differences between the two types of Mb in the UVvisible region were also reported by Hanania et aL (1966) . However, since above --180K the general trend in temperature dependence of the various band parameters is similar, a comparison seems to be justified. The at first sight most pronounced differences between the sets of acuves for the two hydrated MbCO films shown here to those of Ansari et al. (1987) is that the band area ratio AOIA, changes very little and cannot be used as an indicator. This is not due to differences between horse and sperm whale Mb, but is so because for hydratedx MbCO containing only (030 g water)/(g MbCO), the relative band area at 293 K is alrady 25.5% (Brown et al., 1983) , and it increases on cooling from 293 K to 78 K only to 26.8% (Fig. 5) . Furthermore, uncertainties in band parameters are most pronounced for the AO conformer band as outlined above. Tberefore, the temperature dependence of other parameters has to be used.
In Fig. 10 in sbope is abt Kt at 180 K and that below that temperate the curve is parallel to the abscissa, but for (b) and (c) the slope changes only gadually over a wide temperature range.
In Fig. 11 However, for hydrted myoglobin, hemolobin and lysozyme powders with water contets '(0.30 g water)/(g protein), Sartor et aL (1994a) have recendy reported calorimetric an ling effects at all temperaturs between 150 Kand the denaturation temperaure of the hydrated proteins and have attnrbuted these to an exceptionally broad distribution of relaxcation times. Alternatively stated, the glass tanition in these hydrated proteins does not occur at a single temperature or in a narrow range of temperature, as it has been suggested for MbCO in glycerol/water solution (Ansari et aL, 1987) , but it occurs over a broad temperature range that extends from "'150 K up to the denaturation temperature. Therefore, no single glass tansition can be assigned to the three hy- ((Frauenfelder et al., 1987) , but it is not known whether or not it decreases at a constant rate.
In Fig. 12 Clarke and Miller (1972) solution.
An important test for frezing-in of conformer equilibria is the time dependence of a band parameter at a given temperature, after cooling from a temperature where the conformers are still in equilbrium, and its approach toward the equilibrium value. This has been demonstrated by Ansari et al. (1987) in their Fig. 10 , and on cooling from 195 K to 190 K approach to equilibrium ofthe AO conformer band area was observed on a time scale of several hours. Isothermal studies of the buffer-free hydrated MbCO film at 190 K or 170 K over several hours did not reveal systematic change of any of the band parameters. However, isothermal annealing at 150 K, after cooling from 170 K at a rate of -'10 K min-1, did show a systematic change in the value of the peak maximum of the A1 conformer band from 1945.59 cmnl to 1945.61 cm-', and small changes in % relative areas of the tree conformers. While the magnitude of these changes is hardly convincing, it is in the direction expected for an approach to equilibrium (see Figs. 3 and 4) .
This study is in accord with the previous calorimetric study of hydrated protein powders, where physical aging effects at .150 K up to the denaturation temperature were attributed to an exceptionally broad distribution of relaxation times (Sartor et al., 1994a) , but it goes beyond it for the following reasons.
1. For hydrated MbCO films exchange of the conformers A1, A2 and A3 does not stop at -180 K, as in 75% glycerol/ water solution, but it occurs over the whole temperature range investigated which is down to 78 K. This is a basic difference and it is clearly seen in Fig 10 where (Ansari et al., 1987; Young et al., 1991) . Recently Ansari et al. (1992) argue that the marked decrease in the rate of conformer interconversion near the solvent's Tg results from the enormous viscosity of the solvent, and that the conformational substates may not be "frozn" so much than "stuck." Whatever the correct inetation, the fezing-in of conformer exchange in glassy glycerol/water solution, and its absence for hydrated MbCO (Johari et al., 1987; Hallbcker et aL, 1989) , or of that of the vitreous, but freezable water fraction in hydrated methemoglobin observed at 169 ± 2 K for the same rate of hating (Sartor et aL, 1992) . In analogy to the behavior of MbCO in glycerol/water solWtion, I expec that in glassy dilute aqueous solution of MbCO which could be made by hyperquenching into the glassy state, exchange between the A conformers is also slowed down to a very low rate of interconversion or stopped below the solvent's T. e.g., below -130 K 2. For the buffered MbCO film, plots ofthe log(area ratio) versus 1fT obtained on cooling and reheating are nearly superimposable (see Fig. 9 ). Ihis sggests that for the time scale of the experiment the three A conformers are in, or close to, equilbrium over the whole temperature range investigated both on cooling and reheating. For the unbuffered MbCO film, however, the log(area ratio) versus 1ff plots obtained on reheaing deviate at low temperatures from those obtained on cooling, and only on heating above -200 K do the two curves merge (see Fig. 6 ). This type of behavior and the diectio of the deviation at low tmperahtues is consistent with the notion that at low tmpeatures conformer exchange is slowed down, but not completely frozen-in, and that it requires heating to -200 K for attaining the equilibrium distnrbution. This is in line with the isothermal annealing experimnt at 150 K mentioned above. The difference in behavior of the two hydrated MbCO films is seen most learly in Fig. 10 (1986, 1993) have first investigated by inrared spectroscopy for several lowmolecular-weight solutes the influence of a solvent's Tg on the dynamics of conformer exchange. For example, for pure 2-chlorobutane freezing-in of its conformer populations was observed at 97 K, but for 2-chlorobutane dissolved in nujol exchange between its conformers stops already at 205 K. For pure 2-chlorobutane, the temperature region where exchange between the conformers stops, nicely correlates with its calorimetric Tg of f97 K, and this demonstrates that changes in conformational mobility coincide with those of translational and rotational mobility at its Tg. However, for 2-chlorobutane dissolved in nujol, freezing-in of its conformer populations correlates with the calorimetric Tg of the solvent of -210 K. In other words, if the activation energy for conformer exchange in 2-chlorobutane would have been based on its immobilization at -205 K in nujol, the value would have been much higher than the 19 kJ mol' reported in the literature.
The above example is only one of many cited by Fishman et al. (1986) , and it seems that this type of behavior is general. The authors clearly distinguish between the two cases and stress the point that freezing-in of conformer exchange at the pure liquid's Tg should not be confused with freezing-in at a solvent's Tg, and that in the latter case the solute is simply immobilized because of the extreme viscosity of the solvent. A solute even can be used as a conformational probe for determining a solvent's Tg, and Fishman et al. (1986) (Morozov and Gevorkian, 1985; Frauenfelder and Gratton, 1986; Parak, 1986; Doster et al., 1986 Doster et al., , 1989 Doster et al., , 1990 Doster et al., , 1991 Doster et al., , 1993 Nienhaus et al., 1989; Goldanskii and Krupyanskii, 1989; Smith et al., 1990; Rupley and Careri, 1991; Srajer et al., 1991; Champion, 1992; Pethig, 1992; Pissis et al., 1992; Sartor et al., 1994) . These studies have shown that at a given temperature internal mobility of the protein increases with increasing hydration. This is also called the "plasticizing effect" of water on the protein, thus increasing its mobility (Parak, 1986) , and the increase in the exchange rate of the A conformers at 293 K with increasing hydration which is discussed above in paragraph 4 is consistent with these reports. Studies of the mobility of hydrated proteins or proteins crystals as a function of temperature indicate for a given water content increasing mobility of the protein at ;180-200 K (Morozov and Gevorkian, 1985; Frauenfelder and Gratton, 1986; Parak, 1986; Doster et al., 1986 Doster et al., , 1989 Doster et al., , 1990 Doster et al., , 1991 Doster et al., , 1993 Nienhaus et al., 1989; Goldanskii and Krupyanskii, 1989; Smith et al., 1990 ; reviewed by Rupley and Careri, 1991; Srajer et al., 1991; Champion, 1992; Pethig, 1992; Pissis et al., 1992) , or at 150-170 K on heating at a rate of 30 K min-' (Sartor et al., 1994a) . These temperatures are much higher than those reported in this study where exchange between the A conformer substates is still observable. This is not necessarily a contradiction because in most of these studies the whole protein is used as a probe whereas in this study a particular site of the protein is investigated. Nevertheless, it appears that increase in protein's mobility at -180-200 K clearly seen by other techniques also contributes to the shape of the plots reported in this study: first, in the two plots of the log(area ratio) of A31AE, and A3/A1 vs. 1T shown in Fig. 6 , the approach of the heating curve to the cooling curve in this temperature region which has been interpreted above as attainment of the conformers' equilibrium distnbutions, could be due to increasing mobility of the protein. And second, in these plots and in those of Fig. 9 , the change in slope is most pronounced between -150 and 200 K. 6. The temperature where for MbCO dissolved in, for example, 75% glycerol/water its A conformer populations are frozen-in on cooling, is similar to the temperature range where in protein crystals, and in hydrated protein films and powders internal mobility of the protein strongly decreases upon cooling (-180 K vs. --180-200 K) . This suggests a common origin. I propose that this correspondence of the two their populations was reported even at 293 K (see Figs. 2 and   Mayer   871 temperature regions is accidental, and that it is simply caused
